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I n t r o d u c t i o n
The acquisition of antimicrobial resistance genes (ARG) by bac-

terial pathogens is a serious concern that impedes the successful 
treatment of infectious diseases (1). Antibiotics used in livestock 
production are often analogues of those used in human medicine, 
raising the possibility that ARGs with implications for the efficacy 
of antimicrobial use in humans arise within agricultural production 
systems.

In the Canadian beef feedlot industry, a number of antimicrobials 
are approved for administration to cattle in feed or drinking water, 
including aminoglycosides, macrolides, tetracyclines, and sulfon-
amides (2). Bacteria residing in the bovine gastrointestinal tract may 

become resistant to these antibiotics and once disseminated into the 
environment, transfer ARG to human pathogens (3,4). Furthermore, 
residual antibiotics may enter the environment through runoff or 
manure, exposing bacteria to these antibiotics and possibly selecting 
for antimicrobial resistance (5,6).

Real-time, quantitative PCR (RT-qPCR) is a useful tool that can 
provide an approximation of the abundance of ARG in the environ-
ment (7) and has been used to study the levels of ARG in livestock 
and poultry systems (8–10) and in wastewater from urban environ-
ments (11,12). In previous studies, tetracycline and sulfonamide 
resistance genes have been noted as prevalent in beef cattle environ-
ments (10,13,14) while in municipal environments fluoroquinolone 
resistance genes appear to dominate (15). However, these previous 
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A b s t r a c t
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R é s u m é
En Amérique du Nord, l’utilisation des antibiotiques dans la production du bétail et l’association possible avec une abondance élevée détectable 
de gènes de résistance aux antimicrobiens (GRA) est une préoccupation grandissante. Une épreuve d’amplification en chaîne par la polymérase 
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sont utilisés chez les bovins versus les humains, mais d’autres facteurs tels que la co-sélection de GRA et la variation dans la composition 
des communautés bactériennes associées à ces échantillons peuvent également jouer un rôle.
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studies have been rather narrow with regard to the scope of ARG 
investigated. The objective of this study was to use RT-qPCR to 
compare the types and relative abundance of ARG in feedlot cattle 
feces to those in feedlot catch basins, a surrounding waterway and 
municipal wastewater, treatment plants in Alberta.

M a t e r i a l s  a n d  m e t h o d s

Ethics statement
The research study was reviewed and approved by the University 

of Calgary Animal Care Committee, under the guidelines of the 
Canadian Council of Animal Care. Access to municipal waste-
water treatment plants was arranged directly with the facilities and 
samples collected by their staff. Permission was not required for 
environmental sampling as collection of samples was non-disruptive.

Study area and sample collection
Sample collection occurred from April to October 2014. Four beef 

feedlots (designated A to D) and 2 municipal (human) wastewater 
treatment plants located in Alberta upstream and downstream 
of most of Alberta’s feedlot industry were selected for this study 
(Table I). Antibiotic usage in all feedlots was recorded (Table II). 
In feedlots A, B, and C, conventional production pens associated 
with the catch basins of interest at each feedlot were identified and 
20 pens in each feedlot were randomly selected. At feedlot D, pens 
were stratified by production type with 15 conventional pens (Dc) 
and 5 natural pens (Dn) randomly selected. Conventional pens con-
tained cattle routinely administered antibiotics in their feed while 
natural pens contained cattle that were not receiving any antibiotics. 
Twenty fresh fecal pats were sampled from each pen and composited 
to provide one fecal sample per pen per feedlot. Three composite 
samples were then arbitrarily chosen from each feedlot (or within 
each production strata for feedlot D) for RT-qPCR. After collection, 

fecal samples were transported to the lab on ice, flash-frozen in liq-
uid nitrogen within 24 h, and stored at 280°C for DNA extraction.

Catch basins, which collected runoff from the feedlot pens, were 
also sampled once at each feedlot. Sewage influent and effluent 
samples were collected from wastewater treatment plants located 
at 2 different municipal centers. Surface water was collected from a 
creek that was adjacent to feedlot C, which drains land that receives 
regular manure application. Samples were transported on ice to the 
lab and stored at 4°C until processed. Catch basin, sewage treat-
ment, and surface water samples were processed by centrifugation 
(30 mL for catch basin and 80 mL for sewage influent; 15 500 3 g) 
or filtration (sewage effluent and surface water) through a 0.45 mm 
nitrocellulose filter membrane (until the filter was saturated) within 
24 h of collection. The filter membrane or pellet was stored at 280°C.

DNA extraction
Total DNA was extracted from the pellet or from the filter for 

water samples and from fecal composites (approximately 350 mg). 
Subsamples of the pellet or feces (100 mg) were suspended in 300 mL 
of buffer (600 mM NaCl, 120 mM Tris-HCl, 60 mM EDTA, 200 mM 
guanidine isothyocynate) or 800 mL for filters. For feces and the 
pellet, aliquots (1 mL) were transferred to 2 mL microfuge tubes 
containing 0.4 g of sterile zirconia beads (0.3 g of 0.1 mm and 0.1 g 
of 0.5 mm). For filtered samples, beads were added directly to the 
vial containing filter paper. b-Mercaptoethanol (5 mL) and 200 mL 
(70°C) of 10% sodium lauryl sulfate (SDS) were added to the tubes 
and gently mixed. Cells were lysed (Qiagen TissueLyser; QIAGEN, 
Germantown, Maryland, USA) for 3 min at maximum speed 
(setting = 30), or for filters using an Omni Bead Ruptor, (3.25 m/s 
for 5 min; Omni International, Kennesaw, Georgia, USA). Samples 
were gently shaken at 70°C for 15 min. Filter paper was removed 
and samples were centrifuged at 4°C for 5 min at 16 000 3 g, and 
the supernatant was transferred to a 2-mL microfuge tube. The 
pellet was suspended in 800 mL of buffer and the bead-beating 
process repeated. Duplicate lysates were subject to isopropanol 
precipitation of nucleic acid and the pellet was suspended in 100 mL 
Tris-EDTA, pH 7.4 (TE). Nucleic acids in TE were pretreated with 
2 mL of DNase-free RNase (10 mg/mL) per 200 mL of sample and 
incubated at 37°C for 15 min. Resulting DNA was further purified 
using a QIAamp DNA Stool Mini Kit (Qiagen) with inclusion of 
proteinase K (Kit handbook), and the final elution accomplished 
using nuclease-free water. Extracted DNA was assessed for PCR 
inhibitors using 16S primers (Table III) and if the absence or low 
yield of a PCR product was noted, an additional purification step 
using sepharose 2B was undertaken as described by Miller et al (16). 
Purification was required for all catch basin samples (n = 5). Purity 
of the DNA was determined using a spectrophotometer (NanoDrop 
2000; Thermo Scientific, Waltham, Maine, USA) and the DNA was 
quantified using a (Quant-iT PicoGreen dsDNA Assay Kit with a 
Nanodrop 3300 fluorospectrometer Thermo Scientific).

Quantification of antimicrobial resistance genes
Real-time, quantitative PCR (RT-qPCR) was used to estimate the 

copy numbers of 18 resistance genes across 5 antibiotic families 
including sulfonamides (sul1 and sul2), tetracyclines [tet(A), tet(B), 
tet(M), tet(O), tet(Q), and tet(W)], macrolides [erm(A), erm(B), erm(C), 

Table I. Summary of samples collected.

  Average number  
  of cattle per  
Sample type and ID Type of production pen/catch basin
Feedlot fecal composite
 A (n = 3) Conventional 237
 B (n = 3) Conventional 200
 C (n = 3) Conventional 371
 DC (n = 3) Conventional 251
 DN (n = 3) Natural 232

Catch basin
 CB (n = 5) n/a 13 673

Sewage treatment
 Influent (n = 2) n/a n/a
 Effluent (n = 2) n/a n/a

Surface water
 Ephemeral creek (n = 2) n/a n/a
n/a — Not available.
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erm(F), and mef(A)], fluoroquinolones (qnrS and oqxB), and b-lactams 
(blaSHV, blaTEM1, and blaCTX-M). Primers for the 16S-ribosomal RNA 
(rRNA) gene were also included to estimate the total amount of 
bacteria associated with each sample and to normalize the abun-
dance of ARG in collected samples. All RT-qPCR assays were done 
using a PCR system (Applied Biosystems 7500 Fast RT-PCR System; 
Applied Biosystems, Foster City, California, USA) using primers and 
conditions as described in Table III.

To generate primer sets for ARG, the encoding sequence was 
downloaded from the GenBank Database (http://www.ncbi.nlm.nih.
gov/) and aligned using computer software (Geneious, version 8.1; 
Auckland, New Zealand) to identify a consensus sequence for primer 
design. Forward and reverse primers that annealed to regions of the 
consensus sequence were designed and verified using the BLAST 
alignment tool (http://www.ncbi.nlm.nih.gov/blast/).

Each reaction was carried out in a total volume of 25 mL, contain-
ing 2 mL of template, 0.2 mM of each primer and 1 3 iQ SYBR (Green 
Supermix; Bio-Rad, Saint-Laurent, Quebec). All RT-qPCR reactions 
included an initial step of 95°C for 3 min, followed by 30 to 40 cycles, 
with denaturation at 95°C for 15 s, annealing at the respective tem-
perature for 30 s, and an extension at 72°C for 30 s, with the excep-
tion of blaTEM1 which was extended for 40 s. Melt curve (55°C to 95°C) 
analysis was done to verify amplicon uniformity.

Standard curves using known quantities of cloned or synthesized 
target genes were used to quantify gene copy numbers. Standards for 
tet(A), qnrS, oqxB, and blaSHV were synthesised (Eurofins Scientific, 

Lancaster, Pennsylvania, USA) while tet(W), blaTEM1 and blaCTX-M 
were synthesised separately (Integrated DNA Technologies, San 
Diego, California, USA). The remaining standards were cloned and 
the presence of the target gene was verified by sequencing. Dilutions 
of cloned target genes ranging from 108 to 50 copies per reaction 
were amplified in duplicate to generate standard curves for each 
RT-qPCR assay. No template controls were included in duplicate 
for each RT-qPCR assay to detect contamination. If contamination 
was detected, the assay was repeated. All RT-qPCR reactions were 
done in triplicate.

Statistical analysis
To estimate the relative abundance of resistance genes, values 

for each DNA sample were divided by 16S-rRNA copy num-
bers (copies of ARGs/copies of 16S-rRNA). Data were natural log 
(ln) transformed to achieve normality prior to statistical analyses 
using computer software (MIXED procedure, SAS version 9.4; SAS 
Institute, Cary, North Carolina, USA). The model consisted of sample 
type [feedlot = A (n = 3), B (n = 3), C (n = 3), DC (n = 3), DN (n = 3), 
catch basin = CB (n = 5), sewage influent = Influent (n = 2), sewage 
effluent = Effluent (n = 2), and creek = Ephemeral creek (n = 2)] as a 
fixed effect and the relative abundance of each ARG as the depen-
dant variable. The LSMEANS statement was used to separate means 
with significance declared at a P-value # 0.05. Statistical analysis 
of oqxB and blaSHV could not be done due to a lack of detection of 
resistance genes in replicates.

Table II. Summary of antibiotics used at sampled feedlots.

Feedlot Antibiotic family Antibioitc Route
A Tetracycline Chlortetracycline In feed
  Oxytetracycline Parenteral
 Ionophore Monensin In feed
  Lasalocid In feed
 Macrolide Tylosin In feed/parenteral
  Tulathromycin Parenteral
 Phenicol Florfenicol Parenteral
 Cephalosporin Ceftiofur Parenteral
 Fluoroquinolone Enrofloxacin Parenteral
 Potentiated sulfonamide Sulfadoxine Parenteral
 Sulfonamide combination Sulfanilamide, sulfathiozole,  Oral administration 
  sulfamethazine

B, C, Dc Tetracycline Chlortetracycline In Feed
  Oxytetracycline Parenteral
 Ionophore Monensin In Feed
  Lasalocid In Feed
 Macrolide Tylosin In Feed/parenteral
  Tulathromycin Parenteral
  Tilmicosin Parenteral
 Phenicol Florfenicol Parenteral
 Cephalosporin Ceftiofur Parenteral
 Fluroquinolone Enrofloxacin Parenteral
 Potentiated sulfonamide Sulfadoxine Parenteral
 Sulfonamide combination Sulfanilamide, sulfathiozole,  Oral administration 
  sulfamethazine
DC — conventional pens at feedlot D.
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Re s u l t s
Antibiotics from the tetracycline, macrolide, phenicol, cephalospo-

rin, fluoroquinolone, and sulfonamide families as well as ionophores 
were used at feedlots A, B, C, and DC (Table II). Among the 18 target 
resistance genes, all genes with the exception of those associated 
with fluoroquinolone (qnrS and oqxB) and b-lactam resistance (blaSHV 
and blaCTX-M) were detected in fecal composite and catch basin water 
samples. Both the sewage influent and effluent samples possessed all 
genes except erm(A), oqxB, and blaSHV, coding for macrolide, fluoro-
quinolone, and b-lactam resistance, respectively. Only 7 [sul1, sul2, 

tet(O), tet(Q), tet(W), erm(C), mef(A)] of the 18 ARG were detected in 
creek water. In some cases, ARG were detected in samples (Table IV) 
at copy numbers that were outside the standard curve and as a result 
they were not included in the analysis.

The relative abundance of sul1 and sul2 differed (P , 0.0001) 
among sample types, but were similar in fecal composites collected 
from the 4 feedlots (Figure 1). The relative abundance of both sul1 
and sul2 was greater (P , 0.05) in catch basin and sewage samples 
compared to fecal composite and creek samples. There was no dif-
ference (P . 0.05) in sul1 or sul2 between conventional and natural 
production systems.

The relative abundance of tet genes also differed among sample 
types (P , 0.01, Figure 2). The relative abundance of tet(A) and 
tet(B) (Figures 2a, 2b) was similar across samples, but sewage influ-
ent and effluent samples were both lower (P , 0.05) in the relative 
abundance of tet(M) (Figure 2c) as compared to fecal composite and 
catch basin samples. There was also a greater relative abundance of 
tet(M) in sewage influent than effluent (P , 0.05). The catch basin, 
sewage influent, sewage effluent, and creek samples were all lower 
(P , 0.05) in the relative abundance of tet(O), tet(Q), and tet(W) than 
in fecal composite samples (Figures 2d, 2e, 2f). The sewage influent 
did not differ (P . 0.05) in the relative abundance of tet(W) in the 
catch basin, but was greater (P , 0.05) in tet(O) and lower (P , 0.05) 
in tet(Q). All 3 tet genes in sewage influent were greater (P , 0.05) 
than in sewage effluent and creek samples. The creek samples were 
lower (P , 0.05) in relative abundance of tet(O), tet(Q), and tet(W) 
than samples from all other environments. There was no difference 
(P . 0.05) in tet(A), tet(B), tet(M), tet(O), or tet(W) between fecal 
composites collected from cattle raised in conventional versus natural 
production systems. However, fecal composites collected from the 
conventional system had a greater (P , 0.05) relative abundance of 
tet(Q) than the natural system.

There was no difference (P . 0.05) in the relative abundance of 
macrolide ARG in fecal composites collected from conventional 
versus natural production systems, with the exception of erm(F), 
which was greater (P , 0.05) in conventional than natural produc-
tion systems (Figure 3). The relative abundance of erm(A) and erm(C) 
(Figures 2a, 2c) was greater (P , 0.05) in catch basin samples than in 
fecal composites, whereas mef(A) (Figure 3e) was lower (P , 0.05). 
The relative abundance of erm(B) was greater (P , 0.05) in sewage 
influent than in fecal composites, catch basin or sewage effluent 
samples. The relative abundance of mef(A) in the catch basin, sewage 
influent and effluent and creek samples were all lower (P , 0.05) 
than fecal composites.

The fluoroquinolone resistance genes (qnrS and oqxB) were only 
detected in the sewage samples (Figure 4). The relative abundance 
of qnrS (Figure 4a) was greater (P , 0.05) in sewage influent than 
effluent. The oqxB gene (Figure 4b) was detected in both the sewage 
influent and effluent samples, but the copy number was below the 
detectable limit in effluent samples (Table IV).

Likewise, the b-lactam resistance gene blaSHV (Figure 4a) was 
detected in both sewage influent and effluent samples, but was 
below the range of the standard curve for effluent samples (Table IV). 
Of the bla genes, blaCTX-M (Figure 4b) was detected in sewage samples 
and in the fecal composites at feedlot B. The relative abundance 
of blaCTX-M was greatest (P , 0.05) for sewage influent and lowest 

Figure 1. Relative abundance [copies of antimicrobial resistance genes 
(ARG)/copies of 16S-rRNA] of sulfonamide resistance genes. a) sul1 
and b) sul2. Error bars represent standard deviation of the mean. 
A — feedlot A, B — feedlot B, C — feedlot C, DC — feedlot D (conven-
tional production), DN — feedlot D (natural production), CB — catch 
basin, Influent — sewage influent, Effluent — sewage effluent, and 
Creek — Ephemeral creek. 
a,b,c,d,e,f,g Different letters represent significant difference (P # 0.05).
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Figure 2. Relative abundance [copies of antimicrobial resistance genes (ARG)/copies of 16S-rRNA] of tetracycline resistance genes. a) tet(A), 
b) tet(B), c) tet(M), d) tet(O), e) tet(Q), and f) tet(W). Error bars represent standard deviation of the mean. A — feedlot A, B — feedlot B, C — feedlot 
C, DC — feedlot D (conventional production), DN — feedlot D (natural production), CB — catch basin, Influent — sewage influent, Effluent — sewage 
effluent, and Creek — Ephemeral creek. 
a,b,c,d,e,f,g Different letters represent significant difference (P # 0.05). 
* Unable to be detected/outside of standard curve.
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Figure 3. Relative abundance [copies of antimicrobial resistance genes (ARG)/copies of 16S-rRNA] of macrolide resistance genes. a) erm(A), b) erm(B), 
c) erm(C), d) erm(F), and e) mef(A). Error bars represent standard deviation of the mean. A — feedlot A, B — feedlot B, C — feedlot C, DC — feedlot D 
(conventional production), DN — feedlot D (natural production), CB — catch basin, Influent — sewage influent, Effluent — sewage effluent, and 
Creek — Ephemeral creek. 
a,b,c,d,e,f,g Different letters represent significant difference (P # 0.05). 
* Unable to be detected/outside of standard curve.
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(P , 0.05) for fecal composites at feedlot B. The relative abundance 
of blaTEM1 (Figure 5) was greater (P , 0.05) in sewage samples than 
in fecal composite or catch basin samples, but was greater (P , 0.05) 
for in sewage influent than effluent.

D i s c u s s i o n
Real-time, quantitative PCR has been used to examine the abun-

dance and distribution of ARG in beef cattle feces (13,17,18), feedlot 
wastewater lagoons (14,19,20), urban wastewater (21,22), and fresh-
water samples from a flowing river (23). In the past, the abundance 
of tetracycline and sulfonamide ARG in beef cattle feces has been 

Figure 4. Relative abundance [copies of antimicrobial resistance genes 
(ARG)/copies of 16S-rRNA] of fluoroquinolone resistance genes. a) qnrS 
and b) oqxB. Error bars represent standard deviation of the mean. 
A — feedlot A, B — feedlot B, C — feedlot C, DC — feedlot D (conven-
tional production), DN — feedlot D (natural production), CB — catch 
basin, Influent — sewage influent, Effluent — sewage effluent, and 
Creek — Ephemeral creek. 
a,b Different letters represent significant difference (P # 0.05). 
* Unable to be detected/outside of standard curve.
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Figure 5. Relative abundance (copies of antimicrobial resistance genes 
(ARG)/copies of 16S-rRNA) of b-lactam resistance genes. a) blaSHV, 
b) blaCTX-M, and c) blaTEM1. Error bars represent standard deviation of 
the mean. A — feedlot A, B — feedlot B, C — feedlot C, DC — feedlot D 
(conventional production), DN — feedlot D (natural production), CB — 
catch basin, Influent — sewage influent, Effluent — sewage effluent, 
and Creek — Ephemeral creek. 
a,b,c,d Different letters represent significant difference (P # 0.05). 
* Unable to be detected/outside of standard curve.
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Table IV. Raw copies of each gene quantified by quantitative polymerase chain reaction (qPCR).

Sample  Sample Technical 

ID Replicate type replicate 16S rRNA sul1 sul2 tetA tetB tetM tetO tetQ tetW ermA ermB ermC ermF mefA qnrS oqxB blaSHV blaCTX-M blaTEM1

A 1 Fecal 1 135316848.00 20470.49 8431.89 2851.00 1350.12 471012.72 8856329.00 48037360.01 1674731.50 844.93 2187571.00 40.85a 205467.56 10500624.00     50.30

   2 131714168.01 17365.96 7998.46 2735.85 1447.68 308166.19 9390889.00 49510743.99 1604023.00 684.48 1602458.00  217129.28 7118568.00     55.96

   3 129662864.01 18957.58 8862.46 2650.42 1514.21 267133.56 9903522.00 51098516.02 1701210.50 974.48 1671816.50 33.60a 211299.39 5797324.00    

A 2 Fecal 1 99899663.99 21102.22 40312.38 8108.91 439.11 441146.84 6130922.00 40700640.01 1327763.50 4753.59 1276430.12 118.17 116988.45 3365209.25     86.74

   2 103062087.99 18706.49 51132.17 7737.51 378.95 423588.78 5981603.50 39793516.00 1322640.25 5150.98 1038140.06 130.73 117221.91 3204971.25    

   3 100093440.01 21806.00 43241.84 8301.56 315.31 360798.62 6061510.50 38425511.99 1265414.38 5476.85 1235953.88  122629.25 3724736.50     81.03

A 3 Fecal 1 111629152.01 25474.63 22078.60 5601.00 7009.02 584707.06 6507431.00 53670336.00 1515935.88 4014.69 2352380.00 1708.55 336977.94 3663204.25     236.53

   2 122443199.99 28652.35 22681.12 5607.93 6733.56 543316.44 6483575.50 53856492.00 1373533.13 3135.03 2622462.25 1310.36 327080.19 3506120.00     287.97

   3 119955575.99 31465.53 22883.97 6646.54 7191.74 426515.75 6950969.00 58135256.00 1445576.13 3889.44 2624452.75 991.10 348714.59 4450952.00     398.74

B 1 Fecal 1 159316384.01 111101.95 165836.91 6728.63 12306.90 282245.50 10369626.00 61502276.00 2224887.75 117338.26  900.45 282343.72 9378331.00     2818.12

   2 146688688.00 113397.43 118706.06 6479.08 12935.85 239815.77 9428455.00 59709327.99 2088906.13 110939.27 2213242.00  268473.81 8159826.50     2728.29

   3 161305823.98 116997.45 156138.98 6362.95 13036.56  10377423.00 68864232.01 2255860.75 117087.73 2805674.50 473.71 279472.25 6569808.50     3095.71

B 2 Fecal 1 81552063.99 98154.14 110756.03 5701.19 59988.39 302924.81 6453254.00 33777476.01 1422558.87 73125.31 2202396.75 1074.36 168106.72 4872355.50    

   2 85743295.99 97176.06 79365.62 5726.55 55252.45 242925.16 6351378.00 35357060.00 1371462.75 50762.96 2299559.75  177602.81 4400084.00     81.93

   3 79841408.01 80799.32  4670.81 50258.24  5654909.00 26986128.00 1183911.13  1886979.50 1082.50 152050.31 3529317.50     92.84

B 3 Fecal 1 183421056.01 47936.98 31062.49 19571.46 11931.66 65516.30 13083021.00 48467588.00 3201282.50 25943.95 8699972.00 1731.31 499035.00 9397475.00    91.60 880.61

   2 174064223.98 44109.56 33776.75 19191.80 12006.78 91600.15 13306456.00 54075300.00 3315827.25 25552.25 9034571.00 1872.85 477091.50 12886706.00    105.42 796.97

   3 194329407.99 46224.36 33637.20 21135.25 13638.56 105886.27 12358680.00 61737384.00 3250019.00 24779.23 8225782.50 1463.09 391836.84 10886674.00     783.58

C 1 Fecal 1 132025615.99 59021.54 198582.59 3159.40 557.26 1125759.62 7817069.50 49755600.00 1568247.75 30813.44 418717.34  363393.00 3167658.75     37.20a

   2 131376103.98 59779.86 184612.44 3836.21 523.14 1045928.12 7809439.00 53673215.99 1574292.50 33599.78 482782.94 110.83 423221.34 2862075.50     22.55a

   3 120998464.00 56464.17 168604.11 3454.13 377.25 829512.44 7937674.50 46971811.99 1528236.12 32392.02 424963.19 72.78 373501.34 3173973.50     24.64a

C 2 Fecal 1 122397007.99 72122.42 235897.00 13834.71 1891.63 1006640.69 6830077.00 60875284.02 1388427.00 30666.98 547956.31 19.39a 687731.19 2188730.00 15.58a    2384.82

   2 122793696.00 66459.59 220050.12 13869.91 1745.99 950735.63 7544167.50 57674784.00 1519405.00 30872.13 566380.69 23.10a 693207.62 2100251.50 17.83a    2385.01

   3 115632415.99 63934.21 163830.08 12835.12 2014.22 1051637.88 6819442.00 57393216.01 1415696.38 30387.80 501701.44 16.31a 685353.69 2969424.25     2114.98

C 3 Fecal 1 137840176.00 46671.25 179057.03 18671.75 5545.93 113185.48 6309339.00 28700536.00 1571610.50 10945.18 1911604.63 650.14 130912.76 4955301.00     234.94

   2 145724783.99 44179.83 97156.34 17989.21 5403.88 100214.77 6724203.50 29734530.00 1668433.50  2173519.50 716.32 143671.91 5677877.00     281.04

   3 135602272.01 43281.54 130144.59 17046.96 5018.45 119425.29 6746098.00 28995622.00 1542394.00 8665.21 2137903.00  140682.22 5617090.50     220.93

DC 1 Fecal 1 129925072.00 40353.48 373749.06 4017.37 823.61 168191.22 8200801.00 49411755.99 1973424.25 74038.43 11354147.00 6525.17 352319.09 9235876.00     295.75

   2 115599064.00 31477.65 429841.19 3568.97 608.41 165141.44 7787328.00 46216495.99 1773117.37 80707.81 9423764.00 6217.44 320004.37 7344657.50     288.50

   3 118867728.01 38710.29 373662.66  1050.50 171959.63 7115402.00 45508143.99 1694098.62 84501.50  5095.33 305576.59 4809984.50     274.63

DC 2 Fecal 1 129377624.00 22421.61 79879.81 2969.62  200728.61 8610279.00 43357992.01 1950964.50 13844.17  377.58 203484.56 8058277.00     466.72

   2 141131536.00 25813.30 78503.76 3243.03 570.82 192892.69 9469729.00 50623836.01 1975484.00 14494.78 5714419.50  190509.19 8697406.00     499.05

   3 145017184.01 22801.69 76488.68 3596.93 669.44 147117.75 8740696.00 51748652.01 1996960.63 12459.60 5409304.00 408.99 218296.69 6174802.00     503.26

DC 3 Fecal 1 43101751.99 10237.82 13785.80 1305.03 517.25 111468.91 3666688.00 18258204.00 642751.06 17556.67 529002.56 3348.62 48692.04 1979577.50 13.06a    100.59

   2 41444508.01 12869.65 13924.53 1194.60 389.30 110159.65 3717029.25 17124558.00 604603.62 18156.68 566633.19 3043.43 43779.34 2204189.50 12.00a    66.44

   3 44755803.99 8382.83 13732.72 1946.21 407.02 123459.26 3919679.75 20919260.00 666029.56 17895.37 580689.13 4296.82 49713.02 2199199.50 20.35a    77.79

DN 1 Fecal 1 37480983.99 12179.08 5156.01  241.47 12121.73 2141243.00 9101782.00 412804.25 2945.59 575923.06 119.52 26330.30 1817781.12     53.34

   2 36215332.00 6770.08 5549.21 227.09  10885.59 2091591.50 8376621.00 421088.66 3005.33 459052.22  24433.53 1735015.75     39.39a

   3 37729760.00 7409.72 5326.78 316.66 270.52 12177.91 2101451.50 8117923.50 415199.91 2729.59 400774.44 120.27 23920.72 1349194.50    

DN 2 Fecal 1 44521535.99 16224.93 19464.00 371.90 217.13 55777.77 1691142.12 9644993.00 334087.06 7747.75 71843.28 70.28 18048.39 1409157.62     181.48

   2 43508420.00 12930.62 19531.71 376.52 309.44 40239.45 1635285.25 9207957.00 308672.87 7507.85 64030.17  16776.38 1433570.25    

   3 46520511.99  19602.84 411.49 370.36 43530.51 1518456.75 9917966.00 301118.59 7760.27 70832.16 60.59 18279.78      219.55

DN 3 Fecal 1 141902400.00 57814.70 310189.19 102429.73 25710.93 440572.31 6990363.50 47887328.01 2384895.00 50948.66 1549203.12  203043.66 6134732.50     446.82

   2 143139519.99 56497.85 301551.94 102248.34 23645.28 291791.06 6489048.00 51405652.01 2096934.12 53354.60 1735329.00 188.29 211177.77 9015095.00     594.74

   3 143673359.99 62237.89 277239.03 115880.05 26122.71 335872.87 7051654.50  1673693.75 58052.32 1695864.37 216.24 221886.25 6697095.50     580.79

CB 1 Catch Basin 1 18703190.00 146279.45 536011.19 398.38  59815.21 14823.55  7636.33 11995.24 106602.04 971.07 3513.79 10157.67     14.28a

   2 16186165.00 161438.92 468081.38 494.18 111.21 45805.99 15114.80 347608.06 6991.99 12288.96 109660.18  3364.80 7974.03     18.20a

   3 18902718.00 155824.48 548441.31 450.63 140.99 57605.87 16031.42 409233.78 7820.98 12553.37 97607.95 856.06 3706.70 9697.13    
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Table IV. Raw copies of each gene quantified by quantitative polymerase chain reaction (qPCR).

Sample  Sample Technical 

ID Replicate type replicate 16S rRNA sul1 sul2 tetA tetB tetM tetO tetQ tetW ermA ermB ermC ermF mefA qnrS oqxB blaSHV blaCTX-M blaTEM1

A 1 Fecal 1 135316848.00 20470.49 8431.89 2851.00 1350.12 471012.72 8856329.00 48037360.01 1674731.50 844.93 2187571.00 40.85a 205467.56 10500624.00     50.30

   2 131714168.01 17365.96 7998.46 2735.85 1447.68 308166.19 9390889.00 49510743.99 1604023.00 684.48 1602458.00  217129.28 7118568.00     55.96

   3 129662864.01 18957.58 8862.46 2650.42 1514.21 267133.56 9903522.00 51098516.02 1701210.50 974.48 1671816.50 33.60a 211299.39 5797324.00    

A 2 Fecal 1 99899663.99 21102.22 40312.38 8108.91 439.11 441146.84 6130922.00 40700640.01 1327763.50 4753.59 1276430.12 118.17 116988.45 3365209.25     86.74

   2 103062087.99 18706.49 51132.17 7737.51 378.95 423588.78 5981603.50 39793516.00 1322640.25 5150.98 1038140.06 130.73 117221.91 3204971.25    

   3 100093440.01 21806.00 43241.84 8301.56 315.31 360798.62 6061510.50 38425511.99 1265414.38 5476.85 1235953.88  122629.25 3724736.50     81.03

A 3 Fecal 1 111629152.01 25474.63 22078.60 5601.00 7009.02 584707.06 6507431.00 53670336.00 1515935.88 4014.69 2352380.00 1708.55 336977.94 3663204.25     236.53

   2 122443199.99 28652.35 22681.12 5607.93 6733.56 543316.44 6483575.50 53856492.00 1373533.13 3135.03 2622462.25 1310.36 327080.19 3506120.00     287.97

   3 119955575.99 31465.53 22883.97 6646.54 7191.74 426515.75 6950969.00 58135256.00 1445576.13 3889.44 2624452.75 991.10 348714.59 4450952.00     398.74

B 1 Fecal 1 159316384.01 111101.95 165836.91 6728.63 12306.90 282245.50 10369626.00 61502276.00 2224887.75 117338.26  900.45 282343.72 9378331.00     2818.12

   2 146688688.00 113397.43 118706.06 6479.08 12935.85 239815.77 9428455.00 59709327.99 2088906.13 110939.27 2213242.00  268473.81 8159826.50     2728.29

   3 161305823.98 116997.45 156138.98 6362.95 13036.56  10377423.00 68864232.01 2255860.75 117087.73 2805674.50 473.71 279472.25 6569808.50     3095.71

B 2 Fecal 1 81552063.99 98154.14 110756.03 5701.19 59988.39 302924.81 6453254.00 33777476.01 1422558.87 73125.31 2202396.75 1074.36 168106.72 4872355.50    

   2 85743295.99 97176.06 79365.62 5726.55 55252.45 242925.16 6351378.00 35357060.00 1371462.75 50762.96 2299559.75  177602.81 4400084.00     81.93

   3 79841408.01 80799.32  4670.81 50258.24  5654909.00 26986128.00 1183911.13  1886979.50 1082.50 152050.31 3529317.50     92.84

B 3 Fecal 1 183421056.01 47936.98 31062.49 19571.46 11931.66 65516.30 13083021.00 48467588.00 3201282.50 25943.95 8699972.00 1731.31 499035.00 9397475.00    91.60 880.61

   2 174064223.98 44109.56 33776.75 19191.80 12006.78 91600.15 13306456.00 54075300.00 3315827.25 25552.25 9034571.00 1872.85 477091.50 12886706.00    105.42 796.97

   3 194329407.99 46224.36 33637.20 21135.25 13638.56 105886.27 12358680.00 61737384.00 3250019.00 24779.23 8225782.50 1463.09 391836.84 10886674.00     783.58

C 1 Fecal 1 132025615.99 59021.54 198582.59 3159.40 557.26 1125759.62 7817069.50 49755600.00 1568247.75 30813.44 418717.34  363393.00 3167658.75     37.20a

   2 131376103.98 59779.86 184612.44 3836.21 523.14 1045928.12 7809439.00 53673215.99 1574292.50 33599.78 482782.94 110.83 423221.34 2862075.50     22.55a

   3 120998464.00 56464.17 168604.11 3454.13 377.25 829512.44 7937674.50 46971811.99 1528236.12 32392.02 424963.19 72.78 373501.34 3173973.50     24.64a

C 2 Fecal 1 122397007.99 72122.42 235897.00 13834.71 1891.63 1006640.69 6830077.00 60875284.02 1388427.00 30666.98 547956.31 19.39a 687731.19 2188730.00 15.58a    2384.82

   2 122793696.00 66459.59 220050.12 13869.91 1745.99 950735.63 7544167.50 57674784.00 1519405.00 30872.13 566380.69 23.10a 693207.62 2100251.50 17.83a    2385.01

   3 115632415.99 63934.21 163830.08 12835.12 2014.22 1051637.88 6819442.00 57393216.01 1415696.38 30387.80 501701.44 16.31a 685353.69 2969424.25     2114.98

C 3 Fecal 1 137840176.00 46671.25 179057.03 18671.75 5545.93 113185.48 6309339.00 28700536.00 1571610.50 10945.18 1911604.63 650.14 130912.76 4955301.00     234.94

   2 145724783.99 44179.83 97156.34 17989.21 5403.88 100214.77 6724203.50 29734530.00 1668433.50  2173519.50 716.32 143671.91 5677877.00     281.04

   3 135602272.01 43281.54 130144.59 17046.96 5018.45 119425.29 6746098.00 28995622.00 1542394.00 8665.21 2137903.00  140682.22 5617090.50     220.93

DC 1 Fecal 1 129925072.00 40353.48 373749.06 4017.37 823.61 168191.22 8200801.00 49411755.99 1973424.25 74038.43 11354147.00 6525.17 352319.09 9235876.00     295.75

   2 115599064.00 31477.65 429841.19 3568.97 608.41 165141.44 7787328.00 46216495.99 1773117.37 80707.81 9423764.00 6217.44 320004.37 7344657.50     288.50

   3 118867728.01 38710.29 373662.66  1050.50 171959.63 7115402.00 45508143.99 1694098.62 84501.50  5095.33 305576.59 4809984.50     274.63

DC 2 Fecal 1 129377624.00 22421.61 79879.81 2969.62  200728.61 8610279.00 43357992.01 1950964.50 13844.17  377.58 203484.56 8058277.00     466.72

   2 141131536.00 25813.30 78503.76 3243.03 570.82 192892.69 9469729.00 50623836.01 1975484.00 14494.78 5714419.50  190509.19 8697406.00     499.05

   3 145017184.01 22801.69 76488.68 3596.93 669.44 147117.75 8740696.00 51748652.01 1996960.63 12459.60 5409304.00 408.99 218296.69 6174802.00     503.26

DC 3 Fecal 1 43101751.99 10237.82 13785.80 1305.03 517.25 111468.91 3666688.00 18258204.00 642751.06 17556.67 529002.56 3348.62 48692.04 1979577.50 13.06a    100.59

   2 41444508.01 12869.65 13924.53 1194.60 389.30 110159.65 3717029.25 17124558.00 604603.62 18156.68 566633.19 3043.43 43779.34 2204189.50 12.00a    66.44

   3 44755803.99 8382.83 13732.72 1946.21 407.02 123459.26 3919679.75 20919260.00 666029.56 17895.37 580689.13 4296.82 49713.02 2199199.50 20.35a    77.79

DN 1 Fecal 1 37480983.99 12179.08 5156.01  241.47 12121.73 2141243.00 9101782.00 412804.25 2945.59 575923.06 119.52 26330.30 1817781.12     53.34

   2 36215332.00 6770.08 5549.21 227.09  10885.59 2091591.50 8376621.00 421088.66 3005.33 459052.22  24433.53 1735015.75     39.39a

   3 37729760.00 7409.72 5326.78 316.66 270.52 12177.91 2101451.50 8117923.50 415199.91 2729.59 400774.44 120.27 23920.72 1349194.50    

DN 2 Fecal 1 44521535.99 16224.93 19464.00 371.90 217.13 55777.77 1691142.12 9644993.00 334087.06 7747.75 71843.28 70.28 18048.39 1409157.62     181.48

   2 43508420.00 12930.62 19531.71 376.52 309.44 40239.45 1635285.25 9207957.00 308672.87 7507.85 64030.17  16776.38 1433570.25    

   3 46520511.99  19602.84 411.49 370.36 43530.51 1518456.75 9917966.00 301118.59 7760.27 70832.16 60.59 18279.78      219.55

DN 3 Fecal 1 141902400.00 57814.70 310189.19 102429.73 25710.93 440572.31 6990363.50 47887328.01 2384895.00 50948.66 1549203.12  203043.66 6134732.50     446.82

   2 143139519.99 56497.85 301551.94 102248.34 23645.28 291791.06 6489048.00 51405652.01 2096934.12 53354.60 1735329.00 188.29 211177.77 9015095.00     594.74

   3 143673359.99 62237.89 277239.03 115880.05 26122.71 335872.87 7051654.50  1673693.75 58052.32 1695864.37 216.24 221886.25 6697095.50     580.79

CB 1 Catch Basin 1 18703190.00 146279.45 536011.19 398.38  59815.21 14823.55  7636.33 11995.24 106602.04 971.07 3513.79 10157.67     14.28a

   2 16186165.00 161438.92 468081.38 494.18 111.21 45805.99 15114.80 347608.06 6991.99 12288.96 109660.18  3364.80 7974.03     18.20a

   3 18902718.00 155824.48 548441.31 450.63 140.99 57605.87 16031.42 409233.78 7820.98 12553.37 97607.95 856.06 3706.70 9697.13    
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the focus as these antibiotics are frequently used in beef cattle pro-
duction (13,17,18). Previous studies have compared the abundance 
of ARG in urban wastewater to farm environments (15). Alberta 
accounts for most of Canada’s feedlot cattle production and the 
abundance of ARG in urban wastewater compared with samples 
collected from feedlot cattle production systems has not been 
undertaken. In this study, we aimed to examine the abundance and 
distribution of ARG across 5 antibiotic families and over a range 
of environments including beef cattle feces, feedlot catch water, 
municipal sewage samples and surface water from a creek, all col-
lected within the same temporal period.

Studies have demonstrated that administration of antibiotics can 
increase the abundance of ARG, including in beef cattle feces (18,19). 
Consequently, antibiotic use in humans and in livestock production 
likely plays a role in the abundance and distribution of ARG within 
the environment. An aspect of this study was the collection of data 
related to antibiotic use from the feedlots sampled (Table II).

Sulfonamides were not administered to cattle at feedlots A, B, 
C, and D at the time of sampling, but they had been used to treat 
clinically ill cattle at all feedlots in the past (Table II). The absence of 
recent sulfonamide use likely resulted in the low relative abundance 
of sulfonamide resistance genes in fecal composites. Compared to 
other antibiotics used in feedlots, sulfonamides are more hydrophilic 
and this property combined with their low sorption to soil makes 
them among the most mobile of antibiotics (24). The relative abun-
dance of sulfonamide ARG was greater in catch basin than fecal 
composite samples, possibly as a result of the accumulation of this 
antimicrobial in the catch basin as a result of run-off. The stability 
of sulfonamides in water may also explain the greater abundance of 
these ARG in sewage samples as sulfonamides are excreted in the 
urine and feces of humans (25). Testing samples for sulfonamide 
residues would help elucidate if this was the case. Another pos-
sible explanation of higher abundance in both the catch basin and 
sewage treatment samples may be due to differences in bacterial 

Table IV. Raw copies of each gene quantified by quantitative polymerase chain reaction (qPCR) (continued).

Sample  Sample Technical 

ID Replicate type replicate 16S rRNA sul1 sul2 tetA tetB tetM tetO tetQ tetW ermA ermB ermC ermF mefA qnrS oqxB blaSHV blaCTX-M blaTEM1

CB 2 Catch Basin 1 15063999.00 379057.69 414152.28  153.42 113603.36 25949.88 604500.81 17091.27 37464.08 86781.61 2903.46 11392.22 27065.91 16.38a   

   2 14237252.00 348791.00 420699.09 241.13 161.34 114591.84 24069.18 589924.69 14613.12 32663.29 90019.25 2947.21 9539.64 25740.40 11.30a    18.42a

   3 16192147.00 390327.22 443561.25 328.65 113.33 122569.90 24550.94 664899.37 16414.96 32869.02 86747.30 2572.93 11765.55 29211.59     18.65a

CB 3 Catch Basin 1 15566558.00 152165.77 156909.59  2241.81 7231.61 24904.78 175294.53  889.47 28864.72  15912.83 21920.78    

   2 14022131.00 144100.55 112549.97  2045.47 8010.50 24839.63 170369.31  882.64 23696.39  14753.91 20901.29    

   3 15329532.00 151966.83 115317.68  1877.90  23883.96 187182.70  764.37 28468.64  16060.86 22305.12    

CB 4 Catch Basin 1 18983356.00 43344.68 381580.47 30048.64 886.17 95362.10 41749.20 845609.25 23801.66 74629.36 872866.75 4966.11 27366.06 47067.50 17.32a    92.56

   2 19714306.00 48460.45 395349.41 29622.58 979.91 100002.84 40699.20 868928.13 25048.52 79670.13 877625.31 5355.82 29033.96 50241.57 21.18a    137.01

   3 19069442.00 52214.59 382200.75 29031.36 812.59 99042.60 40327.45 874559.63 25561.80 79933.93 830863.19 4543.10 32221.33 54585.04     113.54

CB 5 Catch Basin 1 32513026.00 113575.21 200583.11 1063.29 552.15 137919.02 40425.26 1029176.44 43591.25 378695.41 2924847.50 26179.17 181086.98 70543.54 10.36a    89.32

   2 27277818.00 99679.20 209723.22 951.40 623.87 140190.69 41385.32 863914.69 39857.52 301237.62 2567297.75 21340.53 164171.45 59324.51 14.22a    123.25

   3 37447248.01 94858.66 211840.95 865.69 499.67 122132.66 35514.40  37923.13 279235.09 2484248.25 27479.65 162058.97 54576.43 13.50a    96.00

Influent 1 Sewage  1 82388256.01 995124.75 187163.92 32838.39 6655.73 20719.75 387385.13 2711903.50 68745.53 1029.51 19532302.00 526.72 284718.87 83297.43 1309367.00 119.69 3109.30 1336.238403 65035.35

  Influent 2 81109407.99  182969.22 33881.34 7084.83 22775.30 375026.16 2652150.75 62506.80 1220.07 18525322.00  283778.12 96386.62 1388566.87 119.31 3181.14 1412.349731 67611.09

   3 70840319.99 1072630.87 198985.41 32978.54 7330.73 21845.22 391636.34 2956557.75 79212.13 1418.44 20022754.00 683.35 279162.63 109074.01 1444878.25 124.47 3303.45 1588.18042 79525.66

Influent 2 Sewage  1 37155672.00 750581.50 115719.91 11906.55 2580.00 5449.93 150048.62 742904.75 23979.22 4121.26 8816599.00 597.24 109423.16 60308.86 1441790.87 87.47 2162.38 385.20 12393.67

  Influent 2 37180852.00 716767.50 85876.12 12473.78 2750.65 6349.06 148901.39 699771.12 23660.55 3634.77 8749802.00 519.54 103746.18 56488.30 1472774.50 83.56 2472.96 389.61 11638.84

   3 39584727.99  84036.18 13184.17 2932.60 5946.53 157894.20 793511.44 28515.30 4517.93 8972806.00 531.34 103627.99 61474.34 1560031.25 98.00 2225.99 346.83 13289.37

Effluent 1 Sewage  1 4804898.00 89705.76 15962.68 945.28 9.00a 349.75 4498.64 18368.64 1065.17 25.76a 259306.09 375.98 3468.21 1561.33 7430.90 0.67a 14.84a 84.91

  Effluent 2 4818336.50 90243.05 17754.80 884.22 12.52a 407.76 4331.12 17219.56 946.12 19.65a 263796.94 417.42 3313.91 1714.50 7552.45 0.99a  86.03 5.37a

   3 5012697.00 94629.18 17782.24 937.30  423.61 4921.21 17450.86 1169.20  279994.22  2545.83 1627.88 7556.24 0.63a 21.92a 77.70 5.98a

Effluent 2 Sewage  1 2654580.00 52085.63 34527.16 719.34 140.03 182.84 3215.77 11869.75 643.48  98357.73  7390.41 1079.39 20827.89 0.63a 30.92a 12.09a 118.66

  Effluent 2 2738544.25 51803.52 36214.01 835.13 205.53 146.19 3144.79 13364.86 600.82 31.64a 79695.05 74.09 6933.53 870.97 22355.65 1.02a   116.86

   3 2343376.75 48166.34 32328.57 867.35 238.85 160.51 2449.20 11197.99 410.11 32.88a 75651.98 28.49a 6285.76 867.81 18702.66  31.38a 7.56a 143.13

Creek 1 Ephermal  1 2768154.25 1015.00       10.07a   209.42      

  Creek 2 2925811.00 1217.49    24.64a 57.91 484.38   583.61a 186.39  20.95a     8.84a

   3 2850461.25 1026.70    20.21a 51.28 471.48 8.23a  41.15a   22.32a     5.27a

Creek 2 Ephermal  1 8306417.50 6438.36 455.97   30.55a 297.50 1736.26 499.33  680.35a   189.26     36.38a

  Creek 2 8646568.00 5641.77 484.49    237.73 1971.78 649.63  45.14a   196.52    

   3 8265799.50 6121.54 374.68   50.21a 234.69 2211.98 558.36     218.96     31.16a

a Values outside standard curve range. Absence of a value indicates that the resistance determinant was not detected.
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diversity in these different environments. Sulfonamide resistance 
genes are predominately associated with Gram-negative bacteria, 
particularly bacteria from the Enterobacteriaceae family but have also 
been reported in Gram-positive bacteria such as Enterococcus (26). 
It is possible that the bacterial composition of both the catch basin 
and sewage treatment samples were predominated by bacteria that 
typically harbor these resistance determinants.

In this study, tetracycline resistance genes encoding for efflux pro-
teins [tet(A) and tet(B)] were present in all environments at similar 
levels, with the exception of the creek sample, in which they were 
not detected. In contrast, the genes encoding for ribosomal protection 
proteins [tet(M), tet(O), tet(Q) and tet(W)] were predominant in the 
fecal composites compared with other samples. In general, the abun-
dance ARG coding for ribosomal protection proteins was also much 
higher than those encoding for efflux proteins. Ribosomal protection 
proteins are predominantly found in Gram-positive bacteria, which 
account for most bacteria in bovine feces (27,28), possibly accounting 

for the greater relative abundance of these genes. Efflux proteins; 
however, are largely identified in Gram-negative bacteria (27).

Tetracyclines are usually fed to feedlot cattle at low concentrations 
for the control of liver abscesses and other bacterial diseases. All 
conventional feedlots sampled in this study used chlortetracycline 
in their production practices (Table II) and at the time of sampling, 
most cattle were being administered chlortetracycline in their diet. 
This could account for the greater relative abundance of tet genes 
in fecal composites, as administration of tetracycline increases the 
relative abundance of tet genes in cattle feces (18). There was no dif-
ference between conventional and natural production systems for 
tet(A), tet(B), tet(M), tet(O), and tet(W). However, tet(Q) was more 
predominant in feces collected from the conventional compared with 
the natural production system, suggesting that in feed chlortetra-
cycline may preferentially select for specific tet genes. In general, 
tetracycline ARG in DNA isolated from the catch basin, sewage, and 
creek samples were in low relative abundance  compared to feces. 

Table IV. Raw copies of each gene quantified by quantitative polymerase chain reaction (qPCR) (continued).

Sample  Sample Technical 

ID Replicate type replicate 16S rRNA sul1 sul2 tetA tetB tetM tetO tetQ tetW ermA ermB ermC ermF mefA qnrS oqxB blaSHV blaCTX-M blaTEM1

CB 2 Catch Basin 1 15063999.00 379057.69 414152.28  153.42 113603.36 25949.88 604500.81 17091.27 37464.08 86781.61 2903.46 11392.22 27065.91 16.38a   

   2 14237252.00 348791.00 420699.09 241.13 161.34 114591.84 24069.18 589924.69 14613.12 32663.29 90019.25 2947.21 9539.64 25740.40 11.30a    18.42a

   3 16192147.00 390327.22 443561.25 328.65 113.33 122569.90 24550.94 664899.37 16414.96 32869.02 86747.30 2572.93 11765.55 29211.59     18.65a

CB 3 Catch Basin 1 15566558.00 152165.77 156909.59  2241.81 7231.61 24904.78 175294.53  889.47 28864.72  15912.83 21920.78    

   2 14022131.00 144100.55 112549.97  2045.47 8010.50 24839.63 170369.31  882.64 23696.39  14753.91 20901.29    

   3 15329532.00 151966.83 115317.68  1877.90  23883.96 187182.70  764.37 28468.64  16060.86 22305.12    

CB 4 Catch Basin 1 18983356.00 43344.68 381580.47 30048.64 886.17 95362.10 41749.20 845609.25 23801.66 74629.36 872866.75 4966.11 27366.06 47067.50 17.32a    92.56

   2 19714306.00 48460.45 395349.41 29622.58 979.91 100002.84 40699.20 868928.13 25048.52 79670.13 877625.31 5355.82 29033.96 50241.57 21.18a    137.01

   3 19069442.00 52214.59 382200.75 29031.36 812.59 99042.60 40327.45 874559.63 25561.80 79933.93 830863.19 4543.10 32221.33 54585.04     113.54

CB 5 Catch Basin 1 32513026.00 113575.21 200583.11 1063.29 552.15 137919.02 40425.26 1029176.44 43591.25 378695.41 2924847.50 26179.17 181086.98 70543.54 10.36a    89.32

   2 27277818.00 99679.20 209723.22 951.40 623.87 140190.69 41385.32 863914.69 39857.52 301237.62 2567297.75 21340.53 164171.45 59324.51 14.22a    123.25

   3 37447248.01 94858.66 211840.95 865.69 499.67 122132.66 35514.40  37923.13 279235.09 2484248.25 27479.65 162058.97 54576.43 13.50a    96.00

Influent 1 Sewage  1 82388256.01 995124.75 187163.92 32838.39 6655.73 20719.75 387385.13 2711903.50 68745.53 1029.51 19532302.00 526.72 284718.87 83297.43 1309367.00 119.69 3109.30 1336.238403 65035.35

  Influent 2 81109407.99  182969.22 33881.34 7084.83 22775.30 375026.16 2652150.75 62506.80 1220.07 18525322.00  283778.12 96386.62 1388566.87 119.31 3181.14 1412.349731 67611.09

   3 70840319.99 1072630.87 198985.41 32978.54 7330.73 21845.22 391636.34 2956557.75 79212.13 1418.44 20022754.00 683.35 279162.63 109074.01 1444878.25 124.47 3303.45 1588.18042 79525.66

Influent 2 Sewage  1 37155672.00 750581.50 115719.91 11906.55 2580.00 5449.93 150048.62 742904.75 23979.22 4121.26 8816599.00 597.24 109423.16 60308.86 1441790.87 87.47 2162.38 385.20 12393.67

  Influent 2 37180852.00 716767.50 85876.12 12473.78 2750.65 6349.06 148901.39 699771.12 23660.55 3634.77 8749802.00 519.54 103746.18 56488.30 1472774.50 83.56 2472.96 389.61 11638.84

   3 39584727.99  84036.18 13184.17 2932.60 5946.53 157894.20 793511.44 28515.30 4517.93 8972806.00 531.34 103627.99 61474.34 1560031.25 98.00 2225.99 346.83 13289.37

Effluent 1 Sewage  1 4804898.00 89705.76 15962.68 945.28 9.00a 349.75 4498.64 18368.64 1065.17 25.76a 259306.09 375.98 3468.21 1561.33 7430.90 0.67a 14.84a 84.91

  Effluent 2 4818336.50 90243.05 17754.80 884.22 12.52a 407.76 4331.12 17219.56 946.12 19.65a 263796.94 417.42 3313.91 1714.50 7552.45 0.99a  86.03 5.37a

   3 5012697.00 94629.18 17782.24 937.30  423.61 4921.21 17450.86 1169.20  279994.22  2545.83 1627.88 7556.24 0.63a 21.92a 77.70 5.98a

Effluent 2 Sewage  1 2654580.00 52085.63 34527.16 719.34 140.03 182.84 3215.77 11869.75 643.48  98357.73  7390.41 1079.39 20827.89 0.63a 30.92a 12.09a 118.66

  Effluent 2 2738544.25 51803.52 36214.01 835.13 205.53 146.19 3144.79 13364.86 600.82 31.64a 79695.05 74.09 6933.53 870.97 22355.65 1.02a   116.86

   3 2343376.75 48166.34 32328.57 867.35 238.85 160.51 2449.20 11197.99 410.11 32.88a 75651.98 28.49a 6285.76 867.81 18702.66  31.38a 7.56a 143.13

Creek 1 Ephermal  1 2768154.25 1015.00       10.07a   209.42      

  Creek 2 2925811.00 1217.49    24.64a 57.91 484.38   583.61a 186.39  20.95a     8.84a

   3 2850461.25 1026.70    20.21a 51.28 471.48 8.23a  41.15a   22.32a     5.27a

Creek 2 Ephermal  1 8306417.50 6438.36 455.97   30.55a 297.50 1736.26 499.33  680.35a   189.26     36.38a

  Creek 2 8646568.00 5641.77 484.49    237.73 1971.78 649.63  45.14a   196.52    

   3 8265799.50 6121.54 374.68   50.21a 234.69 2211.98 558.36     218.96     31.16a

a Values outside standard curve range. Absence of a value indicates that the resistance determinant was not detected.
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Tetracyclines have a high sorption to soil compared to other antibiot-
ics making them less mobile (24) and less likely to be transported in 
runoff into the catch basin or nearby waterways. Their lower mobil-
ity in water could also account for the reduced presence of tet genes 
in wastewater. Consequently, selection pressure for tetracycline 
resistance in the catch basin, sewage treatment and creek samples 
would be lower than in feces, accounting for the lower tet abundance 
in these environments.

Of the macrolide resistance genes assessed, differences were 
observed among samples for all genes. The genes conferring resis-
tance to macrolides are mostly associated with Gram-positive bac-
teria, with the host range varying among genes (29). The nature of 
the bacterial microbiome within samples is likely to influence both 
the density and types of resistance determinants present, factors 
that may explain why the relative abundance of erm(A) and erm(C) 
was much lower than erm(B), erm(F), and mef(A) even though all 
determinants code for macrolide resistance. As with tetracycline, 
administration of macrolides to cattle also increases the abundance 
of macrolide ARG in cattle feces (18). While macrolides (tylosin, 
tulathromycin, and tilmicosin) were used at all conventional feedlots, 
only 1 out of the 3 conventional pens sampled from feedlot D were 
being administered macrolides at the time of sampling. This may 
explain why no difference was observed in the relative abundance of 
macrolide resistance genes in cattle feces collected from conventional 
versus natural pens for erm(A), erm(B), erm(C), and mef(A).

The macrolide resistance gene mef(A) was the dominant gene 
within fecal samples. Its greater relative abundance in cattle feces 
could be due to its common presence in enteric bacteria (29) or a 
reflection of co-selection along with other ARG. Many tetracycline 
ARG are linked to macrolide ARG through common mobile genetic 
elements. For example, erm(F) frequently shares a conjugative 
transposon with tet(Q) (30) and erm(B) has been shown to be associ-
ated with tet(M) on a Tn1545 conjugative transposon in enterococci 
(31). In our study, erm(B) was more abundant in sewage influent 
than in other samples. This gene has been identified in a number 
of bacterial species, including enterococci and Escherichia coli (32). 
Macrolides, such as erythromycin, are extensively used in humans 
(33). A practice that may account for the high abundance of erm(B) 
in sewage samples.

The fluoroquinolone ARG, qnrS, and oqxB, were only detected in 
sewage samples, likely as result of the frequent use of fluoroquino-
lones in humans and the infrequent use of members of this antibi-
otic family in cattle. There was a noticeable decrease in the relative 
abundance of qnrS when comparing sewage influent to effluent. The 
sewage treatment process has been shown to reduce the number of 
bacteria resistant to tetracycline and sulfonamides, although  numbers 
of antibiotic resistant bacteria in the effluent still remained high 
(22). In this study, it appears the sewage treatment process resulted 
in a decline in fluoroquinolone resistant bacteria, as reflected by a 
reduction in the number of fluoroquinolone ARG detected. However, 
the fact that fluoroquinolone ARG were detected in sewage effluent 
shows that they still enter the environment. The fluoroquinolone ARG 
assessed in this study are predominantly plasmid-mediated and have 
been shown to be readily transferred to other bacteria (34,35). They 
are mostly associated with Gram-negative bacteria but have also been 
reported in Gram-positive bacteria (36).

Similar to the fluoroquinolone ARG, the b-lactamase ARG genes 
were predominantly found in sewage samples. The blaTEM1 confers 
resistance to ampicillin, penicillin, and first-generation cephalo-
sporins (35) and was primarily detected in sewage samples, but 
low levels were also detected in the fecal composite and catch basin 
samples. Our results support those of Agga et al (15) describing a 
greater abundance of fluoroquinolone and b-lactamase resistance 
genes in sewage samples as compared to cattle feces. b-lactamase 
resistance genes are primarily reported in Gram-negative bacteria 
and are often linked with fluoroquinolone resistance genes (37). 
The association between fluoroquinolone and b-lactamase resis-
tance genes, in particular qnrS and blaTEM1 could possibly indicate 
co-selection of these ARG in sewage (34).

Although the relative abundance of ARG can be influenced by the 
use of antibiotics, there is a growing body of literature highlighting 
the relationship between antibiotic use and ARG is complex and 
not necessarily linear. Jindal et al (38) demonstrated a high level of 
tylosin resistance persisted on swine farms years after antimicrobial 
use ceased. The ARG can also be detected in pristine environments 
not exposed to antibiotics and in which the corresponding antibiotic 
residues are absent (39,40). Furthermore, the abundance of ARG can 
be influenced by the species composition of the bacterial community, 
with some ARG being more common in certain bacterial species than 
others. Other studies have also demonstrated links between the ARG 
profile and the bacterial taxonomic profile (40,41). Changes in fecal 
bacterial communities through differential decay as they transition 
from primary fecal environments to secondary habitats including 
catch basins, urban wastewater, and streams would also impact 
the ARG profile (42,43). Bacterial composition and diversity among 
sample types was not examined in this study but it is likely to have 
influenced the distribution and abundance of ARG.

The results from this study demonstrate clear differences in 
the relative abundance of ARG among feedlot and human related 
samples. Although samples were only collected at one point in time, 
it is clear that sulfonamide, fluoroquinolone, and b-lactam resis-
tance genes predominate in urban wastewater, while tetracycline 
resistance genes are more prevalent in cattle fecal composites. These 
differences appear to reflect differences in antibiotic use in cattle 
versus humans. However, other factors such as co-selection of ARG 
and differences in bacterial community diversity and distribution 
may also be playing a role. Antibiotic resistance is a complex issue 
with multiple factors influencing the selection and persistence of 
ARG. Nevertheless, this study has provided quantitative charac-
terization of various types of ARG from cattle feedlot and urban 
environments in Alberta. It is apparent that both feedlot cattle and 
human waste represent different reservoirs of ARG that can enter 
the environment and possibly contribute to the spread of antibiotic  
resistance.
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